the mid-19th century (15), but the complex
interactions between the organisms are still
not completely understood. This report em-
phasizes that point. Current outbreaks of
southern pine beetle infestations in eastern
Texas and western Louisiana and the inabil-
ity to predict and control them provide a
practical reason for continued study of these
fascinating relationships.
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Propolypeptide of von Willebrand Factor Circulates in
Blood and Is Identical to von Willebrand Antigen II

PHiLIP ]. FAY, YOHKO KawAl, DENISA D. WAGNER, DAVID
GINSBURG,* DAVID BONTHRON, BETsY M. OHLSSON-WILHELM, T
STEPHEN I. CHAVIN, GEORGE N. ABRAHAM, ROBERT I. HANDIN,
STUART H. ORKIN, ROBERT R. MONTGOMERY, VICTOR J. MARDER

The generally mild bleeding disorder of von Willebrand disease is associated with
abnormalities of two distinct plasma proteins, the large multimeric von Willebrand
factor (vWF), which mediates platelet adhesion, and von Willebrand antigen II (vW
AgII), which is of unknown function. The two proteins were found to have a common
biosynthetic origin in endothelial cells and megakaryocytes, which explains their
simultaneous absence in the severe form of this hereditary disease. Shared amino acid
sequences from a 100-kilodalton plasma glycoprotein and from vW AgII are identical
to amino acid sequences predicted from a complementary DNA clone encoding the 5’
end of vWF. In addition, these proteins have identical molecular weights and
immunologic cross reactivities. Monoclonal antibodies prepared against both proteins
recognize epitopes on the pro-vWF subunit and on a 100-kilodalton protein that are
not present on the mature vWF subunit in endothelial cell lysates. In contrast,
polyclonal antibodies against VWF recognize both pro-vWF and vWF subunits. Thus,
the 100-kilodalton plasma glycoprotein and vW AgII are identical proteins and
represent an extremely large propolypeptide that is first cleaved from pro-vWF during
intracellular processing and then released into plasma.

ON WILLEBRAND DISEASE (VWD)

s ; is characterized by a deficiency or
structural defect in von Willebrand

factor (vVWF), a large glycoprotein that is
involved in the binding of platelets to suben-
dothelium after vascular injury and that is
the carrier protein for procoagulant factor
VIII (antihemophilic factor) (1, 2). Von
Willebrand factor is present in plasma as a
series of disulfide-bonded polymers of 220-
kilodalton (kD) subunits (3). It is synthe-
sized by megakaryocytes (4, 5) and by endo-
thelial cells (6), in which it is stored in the
endothelial cell-specific organelles, the Wei-
bel-Palade bodies (7). In cultured endotheli-
al cells, VWF is synthesized as a fully glycosy-
lated large precursor (8) that is processed to
the mature subunit (9, 10) and assembled
into multimers before the protein is secreted
(9, 11). A full-length complementary DNA
(cDNA) for human vWF has been isolated
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(12), and analysis of the 8.15-kilobase (kb)
sequence implies that the primary vWF
translation product is 300 kD.

Von Willebrand antigen II (vW Agll) is a
second protein that is deficient in the plasma
and platelets of patients with severe VWD
(13). It does not share antigenic determi-
nants with vWEF, but its deficiency in vWD
could be explained by the hypothesis that
both proteins are derived from a common
precursor (13, I4). The antigen is also syn-
thesized by endothelial cells (14), is found in
the Weibel-Palade bodies (14), and is in-
creased in plasma concomitant with vWEF,
after  1-desamino-8-p-arginine-vasopressin
(DDAVP) stimulation (15). A complex be-
tween VW Agll and vWEF is present in
endothelial cells, although it is not com-
pletely understood (14).

A plasma glycoprotein of 100 kD, similar
in size to vW Agll, was independently iso-

lated from therapeutic factor VIII concen-
trates (16). Although it was initially believed
to be human factor VIII (antihemophilic
factor), comparison of partial sequences of
this protein (17) with that of cloned factor
VIII ¢cDNA sequence (18) indicates that it is
not factor VIIL

We now report that this 100-kD plasma
glycoprotein and vW AgII are identical and
represent circulating vWF propolypeptide,
which is cleaved from pro-vWF subunits
during intracellular processing and multimer
assembly.

The full-length vWF ¢DNA is 8.3 kb and
has a continuous open reading frame encod-
ing 2813 amino acids (12). Amino terminal
amino acid sequences of the 100-kD plasma
glycoprotein (17, 19) and vW Agll (20)
match amino acid sequences derived from
vWEF ¢DNA in clone pVWH33 (12), which
represents the 5 portion of vVWF ¢cDNA.
The region of identity between the two
proteins and the sequence predicted by the
cDNA begins at nucleotide 67 (Fig. 1).
Thrombin cleaves the 100-kD glycoprotein
into two fragments of 75 and 26 kD (I6,
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Intact glycoprotein (100 kD)

NH,-terminal scquence Ala Glu Gly Thr

Residuc position 1 2 3 4
Intact vW AglI

NH,-terminal sequence Ala Glu Gly Thr

Residue position 1 2 3 4

VWF ¢DNA Clone

5'nucleotide sequence
(nucleotides 67 to 102)

Predicted amino acid Ala Glu Gly Thr
scquence

Thrombin-Cleavage Fragment

(26 kD) of 100-kD

glycoprotcin

. (Asp)

NH,-terminal sequence Mct Thr Arg Phe

Residue position 1 2 3 4
VWEF ¢DNA Clonc

5' nucleotide sequence
(nucleotides 1726 to 1770)

Predicted amino acid
sequence

Met Thr Arg Phe

(Ala) (Pro) (Ala) (Val) (Arg)

Arg Gly Arg Ser Ser Thr Ala Arg
5 6 7 8 9 10 11 12

- Gly - Ser Ser Thr Ala -
5 6 7 8 9 10 11 12

GCA GAA GGA ACT CGC GGC AGG TCA TCC ACG GCC CGA

Arg Gly Arg Ser Ser Thr Ala Arg

(Phe)
Ser Glu Glu Ala Cys Ala Val Leu Thr Ser Pro
5 6 7 8 9 10 11 12 13 14 15

ATG ACC AGG TTC TCC GAG GAG GCG TGC GCG GTC CTG ACG TCC CCC

Ser Glu Glu Ala Cys Ala Val Leu Thr Ser Pro

Fig. 1. Comparison of amino acid sequences from a 100-kD plasma glycoprotein and vW AglI with
sequences derived from a 5' cDNA of vWF. Protein sequences were determined by automated Edman
degradation. Sequence analysis of the thrombin-cleavage fragment (26 kD) identifies two residues at
some positions. The residues shown in parentheses correspond to amino acids that are not predicted
from this or other regions of the cDNA sequence, and their origin is not certain.

17). The 75-kD fragment has the same
amino terminal sequence as the intact mole-
cule (17, 21). The amino terminal amino
acid sequence of the 26-kD fragment (21)
matches the predicted vVWF cDNA sequence
beginning at nucleotide 1726. Furthermore,
the codon preceding this sequence predicts
an arginine residue, which is compatible
with a thrombin cleavage site (22).

The 100-kD plasma glycoprotein and vW
AgII were also compared immunologically.
Each was immunoprecipitated by monoclo-
nal antibodies developed against purified
vW AglI and had a similar molecular weight
on sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) (Fig. 2).
Multiple monoclonal antibodies specific for
mature VWF did not precipitate this protein,
which indicates that this is not a nonspecific
reaction. Through the use of polyclonal '%I-
labeled antibody to vW Agll, tandem-
crossed immunoelectrophoresis of the 100-
kD plasma glycoprotein and vW AgII dem-
onstrated a reaction of complete identity
(Fig. 3). Together, these results indicate (i)
that the 100-kD plasma glycoprotein and
vW AglI are the same protein, (ii) that they
represent the VWF propolypeptide, and (iii)
that the propolypeptide circulates in plasma
as a relatively intact protein.

Monoclonal antibodies to the 100-kD
protein were used to confirm independently
that it is the vVWF propolypeptide; similar
results were obtained with monoclonal anti-
bodies to vW AgII. Lysates from endothelial
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cells metabolically labeled with [>*S]me-
thionine were treated with protein A Sepha-
rose, to which either polyclonal anti-vWEF
antibodies or the monoclonal antibodies to
the plasma protein were bound (8). The

MW

4200 kD

< 116
— —

s

€93 -
<65 I l
A B

Fig. 2 (left). Immunological com-
parison of the 100-kD plasma gly-
coprotein and vW Agll. Monoclo-
nal antibody to vW Agll (MBC 33.5) was used to
immunoprecipitate the 100-kD plasma glycopro-
tein (A) and vW Agll (B). Purified monoclonal
antibody was added to each purified protein and
immunoprecipitated with protein A Sepharose.
The samples were reduced with 10% 2-mercapto-
ethanol and analyzed on a 5 to 15% gradient
polyacrylamide gel stained with silver nitrate. The
marks on the right show the migration of stan-
dard marker proteins.  Fig. 3 (right). Sample
of the 100-kD plasma glycoprotein (A) and vW
Agll (B) analyzed by tandem-crossed immuno-
electrophoresis to compare their antigenic epi-
topes. The antibody in the second dimension is
' labeled polyclonal antibody to platelet vW
Agll, and the precipitin arcs were visualized by
autoradiography. The proteins gave a reaction of
complete immunological identity.

<45

results of an examination of the purified
material, both reduced and nonreduced, by
SDS-PAGE and autoradiography are shown
in Fig. 4. Whereas the polyclonal antibodies
recognized both the precursor and the ma-
ture VWF subunits, the monoclonal anti-
bodies interacted only with the precursor
subunit. In addition, the monoclonal anti-
bodies recognized a protein that migrated
into the same positions as the purified plas-
ma protein (shown by Coomassie staining),
in the reduced (100 kD) and nonreduced
(75 kD) forms. The polyclonal and the
monoclonal antibodies recognized the pre-
cursor dimer molecules, as shown in the
nonreduced samples, but the larger mul-
timers were recognized by only the polyclo-
nal anti-vWF antiserum. This result con-
firms prior observations (8, 11) that the
cellular vVWF multimers larger than dimer
size are composed primarily of the processed
220-kD subunits and therefore are not rec-
ognized by antibodies directed against the
propolypeptide.

Immunofluorescence staining of permea-
bilized cultured human umbilical vein endo-
thelial cells with monoclonal antibodies pre-
pared against the 100-kD plasma protein
reveals a similar pattern of intracellular stain-
ing (Fig. 5), as has been described for
antibodies to VWF (7) and to vW AglI (14).
Since most of the VWF in Weibel-Palade
bodies contains multimers that consist pri-
marily of mature subunit (8), the staining
shown in Fig. 4 may represent a reaction
with the free VWF propolypeptide.

We have shown two previously studied
plasma proteins to be identical to each other
and to represent the cleaved propolypeptide
of the pro-vWF subunit. These conclusions
are based on two principal observations. (i)
Amino acid sequences of 12 and 15 residues
in two different regions of the 100-kD
plasma glycoprotein, as well as 9 residues of
vW Agll, are identical to sequences derived
from a 5' cDNA clone of vWF (Figs. 1 and
6). (ii) Monoclonal antibodies against this
plasma protein recognize only pro-vWEF
subunits in lysed human endothelial cells
and a protein that by its electrophoretic
mobility seems to be identical to the original
plasma-derived glycoprotein (Fig. 4).

The cDNA clone predicts the size of the
precursor VWF monomer to be at least 300
kD (12) and the propolypeptide to be about
81 kD, although these do not include the
contributions made by carbohydrate side
chains (23). This result suggests that the
precursor subunit of vVWF is larger than that
estimated by PAGE (275 kD). The latter
would predict a propolypeptide of only
about 55 kD (275 minus 220) rather than
the calculated size of >81 kD (Fig. 6) or the
observed size of 100 kD (Figs. 2 to 4). It is
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unlikely that additional amino terminal
processing takes place to generate a 275-kD
form, since the size of the propolypeptide
found in plasma (100 kD) is the same as that
of the smallest protein identified in the
endothelial cell lysate (Fig. 4). The similarity
in size of the circulating vVWF propolypep-
tide and that predicted from the prose-
quence cDNA indicates that a single pro-
cessing step within the endothelial cell pro-

duces the free propolypeptide and the ma-
ture vVWF subunit (Fig. 6).

In addition to shared amino terminal ami-
no acid sequences, the following observa-
tions lead us to the conclusion that the 100-
kD plasma glycoprotein is identical to the
previously described vW AgII. (i) The two
proteins are of the same size as determined
by gel electrophoresis (Fig. 2). Both pro-
teins migrated faster without reduction,

2 3 4
£ -
ke :I Multimers
- Dimer
Pro vWF »
Mature vWF:
Propoly-
peptide = i
v
i - Propoly- . . X
- peptide  Fig. 4. (left) Endothelial cell proteins

il . recognized by a monoclonal antibody

o e to the 100-kD plasma glycoprotein.

- Primary cultures of human umbilical

- ?ﬁ i vein endothelial cells were g;own for 3

o) days in the presence of [**S]-methi-

e onine. The lysed cells were then incu-

B bated with protein A Sepharose
uced

through the use of bound polyclonal

antibodies to plasma vWF (lane 1), monoclonal antibody to the 100-kD plasma protein (lane 2), or

protein A Sepharose alone (lane 4). Lane 3 shows the Coomassie blue—stained purified 100-kD plasma

protein, loaded onto the same 5 to 10% polyacrylamide gel for which the autoradiograph is presented.

All samples were analyzed in the reduced and nonreduced forms. Indications at the left show the

migration of markers: myosin, 200 kD; phosphorylase b, 92.5 kD; bovine serum albumin, 69 kD; and

ovalbumin, 46 kD.  Fig. 5 (right). Epitopes present on the 100-kD plasma glycoprotein are present

in the Weibel-Palade bodies of cultured human endothelial cells. Primary cultures of human umbilical

vein endothelial cells grown on glass coverslips were fixed, permeabilized, and stained. A monoclonal

antibody to the 100-kD plasma glycoprotein was used as the first antibody, and rhodamine-conjugated

goat antibody to mouse immunoglobulin G as the second. The arrowhead points to a Weibel-Palade

body. Bar, 10 um.

L

Nonreduced

- Pro vWF subunit -
//
NU [ ,/r[ ]c
Signal polypeptide Propolypeptide Mature VWF subunit
N N 1100 kD Plasma giycoprotein
AN JAS
Amino acid 12 553' 568
No. 1
B | vW Antigen 1i
AN
Amino acld 11 {
No. 1 VWF cDNA
. // .
M TT I 7/ T3
Nucleotide 67402 1726 1770 2290 8440
0.

Fig. 6. The relation of the 100-kD polypeptide, vW AglI, and pro-vWF subunit as deduced from-1
sequence studies of the proteins and of the VWF cDNA. Nucleotides 67 to 102 and 1726 to 1770 code
for the amino terminal residues determined for the intact (residues 1 to 12) and the 26-kD thrombin-
generated fragment (residues 553 to 568) of the 100-kD glycoprotein. Nine amino terminal residues
determined for vW AgII are also identical to those of the 100-kD protein and those predicted from the
cDNA sequence. The pro-vWEF subunit consists of the propolypeptide and the mature vWF subunit and
is preceded by a 22—amino acid signal polypeptide (nucleotides 1 to 66). Sequences for the mature VWF
subunit begin at nucleotide 2290, as shown by cDNA sequences representing the amino terminal amino
acids (28). The arrows indicate the thrombin cleavage site in the 100-kD plasma glycoprotein and vW

AglL
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which indicates the presence of intrachain
disulfide bonds, and thrombin cleavage of
these proteins produced fragments of identi-
cal size. (ii) Both proteins share epitopes
recognized by monoclonal and polyclonal
antibodies prepared against vW AgII (Fig.
3). (iii) Both are synthesized by endothelial
cells and are present in Weibel-Palade bodies
(Fig. 5) (7, 14). Together with vVWF, they
are the only proteins of endothelial cells that
have been identified within this organelle (7,
24). That vW AglI is the vVWF propolypep-
tide is further supported by the observation
that a VWF—vW AglI complex and free vVW
AglI are present in endothelial cell lysates
(14), most likely corresponding.to pro-vWF
subunits and to free propolypeptide, respec-
tively (Fig. 4). Since the same processing
steps occur in the biosynthesis of VWF by
both megakaryocytes and endothelial cells
(5), the same propolypeptide should be
generated by megakaryocytes, an expecta-
tion that is consistent with the release of vW
AglI from platelet a granules (25). .

Our principal conclusion that the vVWF
propolypeptide produced by cleavage from
the pro-vWF subunit is not degraded in the
endothelial cell and that it is released into
the blood along with vWF still leaves several
questions of physiological importance unan-
swered. Thus, although the plasma concen-
tration of the propolypeptide parallels that
of vWF in patients with type I vVWD, the vW
AglI concentration is distinctly higher than
that of vWF in patients with type II vWD
(26). The smill YWF multimers characteris-
tic of type II vWD may be more susceptible
to intracellular or extracellular degradation
(27). It has been proposed that the prose-
quence of pro-vWF is involved in vWEF
biosynthesis, in particular in the formation
of interdimer disulfide bonds (8). Whether
the circulating vWF propolypeptide has a
distinct function of its own remains to be
determined. About 1% of vWF subunits
that are secreted by endothelial cells in cul-
ture contain the prosequence, which is pres-
ent in multimers of all sizes (8), and coagu-
lant factor VIII accounts for about 1% of
the total protein of the circulating vVWF-
factor VIII complex (I). These observations
suggest that the propolypeptide, perhaps as
part of circulating pro-vWF subunit, may
transport noncovalently bound factor VIII
in plasma.
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AIDS Retrovirus (ARV-2) Clone Replicates in
Transfected Human and Animal Fibroblasts

Jay A. Levy, CEciLIA CHENG-MAYER, DINO DINa, PAuL A. Luciw

A molecular clone of the AIDS-associated retrovirus (ARV-2) was transfected into
human T lymphocyte and monocyte cell lines as well as mouse, mink, monkey, and
human fibroblast lines. A replicating virus with cytopathic and biologic properties of
ARV-2 was recovered from all the cell lines. The animal and human fibroblast cells are
resistant to direct infection by ARV, and in these experiments virus production in the
fibroblast lines, especially mouse, was reduced compared to human lymphocytes.
However, human fibroblasts were more permissive to virus expression than mouse
cells. These results show that, whereas the primary block to ARV infection in certain
cells may occur at the cell surface, intracellular mechanisms can also participate in
controlling virus replication. The results have relevance to vaccine development and
encourage further work with modified molecular clones to examine regions of the
ARV genome necessary for cytopathology and replication.

HREE SEPARATE ISOLATES OF THE

retrovirus associated with acquired

immune  deficiency  syndrome
(AIDS) have been molecularly cloned and
sequenced: the lymphadenopathy-associated
virus (LAV), the human T cell lymphotro-
pic virus type III (HTLV-III), and the
AIDS-associated retrovirus (ARV) (I). In
most studies of the AIDS retrovirus, investi-
gators have used human T cell lines because
other cells are resistant or less susceptible to
infection. We now report that after transfec-
tion of a molecular clone of ARV-2 into

J. A. Levy and C. Cheng-Mayer, Department of Medi-
cine, Cancer Research Institute, University of California,
School of Medicine, San Francisco, CA 94143.

D. Dina and P. A. Lugiw, Chiron Corporation, Emery-
ville, CA 94662. )

human lymphocytes and into fibroblasts
from several mammalian species, replicating
ARV can be recovered. The studies indicate
that infection by ARV is regulated by intra-
cellular mechanisms as well as cell surface
receptors.

The full-length proviral ARV-2 DNA
represented in the molecular clone phage
A\9B-7 (2) was used for these studies. Diges-
tion of this DNA with the restriction endo-
nuclease Eco RI produced two DNA frag-
ments of ARV-2 that were cloned into the
Eco RI site of the plasmid vector pSp65 (3)
(Fig. 1). This plasmid, p9B-7, was also used.

The U937 human monocyte cell line and
the Jurkat and HUT-78,g human T cell
lines (4) were grown in RPMI 1640 medi-
um supplemented with 10 percent fetal calf
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